ABSTRACT: Photocatalytic oxygenation of 10-methyl-9,10-dihydroacridine (AcrH 2 ) by dioxygen (O 2 ) with a manganese porphyrin [(P)Mn (2)] occurred to yield 10-methyl-(9,10H)-acridone (AcrO) in an oxygen-saturated benzonitrile (PhCN) solution under visible light irradiation. The photocatalytic reactivity of (P)Mn III in the presence of O 2 is in proportion to concentrations of AcrH 2 or O 2 with the maximum turnover numbers of 17 and 6 for 1 and 2, respectively. The quantum yield with 1 was determined to be 0.14%. Deuterium kinetic isotope effects (KIEs) were observed with KIE = 22 for 1 and KIE = 6 for 2, indicating that hydrogen-atom transfer from AcrH 2 is involved in the rate-determining step of the photocatalytic reaction. Femtosecond transient absorption measurements are consistent with photoexcitation of (P)Mn III , resulting in intersystem crossing from a tripquintet excited state to a tripseptet excited state. A mechanism is proposed where the tripseptet excited state reacts with O 2 to produce a putative (P)Mn IV superoxo complex. Hydrogen-atom transfer from AcrH 2 to (P)Mn 
] occurred to yield 10-methyl-(9,10H)-acridone (AcrO) in an oxygen-saturated benzonitrile (PhCN) solution under visible light irradiation. The photocatalytic reactivity of (P)Mn III in the presence of O 2 is in proportion to concentrations of AcrH 2 or O 2 with the maximum turnover numbers of 17 and 6 for 1 and 2, respectively. The quantum yield with 1 was determined to be 0.14%. Deuterium kinetic isotope effects (KIEs) were observed with KIE = 22 for 1 and KIE = 6 for 2, indicating that hydrogen-atom transfer from AcrH 2 is involved in the rate-determining step of the photocatalytic reaction. Femtosecond transient absorption measurements are consistent with photoexcitation of (P)Mn III , resulting in intersystem crossing from a tripquintet excited state to a tripseptet excited state. A mechanism is proposed where the tripseptet excited state reacts with O 2 to produce a putative (P)Mn IV superoxo complex. Hydrogen-atom transfer from AcrH 2 to (P)Mn
IV (O 2
•− ) generating a hydroperoxo complex (P)Mn
IV (OOH) and AcrH
• is likely the rate-determining step, in competition with back electron transfer to regenerate the ground state (P)Mn III 
■ INTRODUCTION
High-valent metal−oxo complexes are the reactive oxidants in the oxidation of various substrates with heme and nonheme iron enzymes. 1−6 Synthetic high-valent metal−oxo complexes have been prepared using oxidants such as peroxy acids, iodosylarenes, and hydrogen peroxide, and the mechanisms of oxidation of substrates by high-valent metal−oxo complexes have been studied extensively. 7−12 High-valent metal−oxo complexes have also been produced by using dioxygen (O 2 ) with reductants. 13−18 Among various high-valent metal−oxo complexes, high-valent manganese−oxo complexes have attracted special attention because they are postulated as important intermediates for water oxidation in the oxygen-evolving center (OEC) of photosystem II. 19 Kinetic analyses were assembled from the time-resolved spectral data. The decay rate of the tripquintet ( 5 T 1 ) of manganese(III) porphyrin obeyed the first-order kinetics given by eq 1
( 1) where A 1 is the pre-exponential factor for the absorption changes, A 2 is the final absorbance, and k 1 is the rate constant of the decay of the tripquintet ( 5 T 1 ) after femtosecond laser pulse irradiation. The slower decay rate of the tripseptet ( 7 T 1 ) also obeyed the firstorder kinetics given by eq 2, where A 3 is the final absorbance at 565 nm and k 2 is the rate constant of the decay of 7 T 1 . ) due to 10-methyl-(9,10H)-acridone (AcrO) appeared and the concentration of AcrO increased linearly with photoirradiation time. The turnover numbers were determined to be 17 and 6 for 1 and 2 at 5 h of photoirradiation. It was confirmed that no formation of AcrO was observed in the absence of O 2 or the light source [see Figures S1 and S2 in the Supporting Information (SI)]. It should be noted, however, that the direct photo-oxidation of AcrH 2 by O 2 occurred under photoirradiation without a glass filter. 35 The stoichiometry of the photocatalytic oxidation of AcrH 2 by O 2 is given by eq 3.
Chart 1. Manganese(III) Porphyrins Used in This Study
The Journal of Physical Chemistry A Kinetics. Rates of formation of AcrO in the photocatalytic oxidation of AcrH 2 with 1 in O 2 -saturated PhCN were monitored by an appearance in the absorbance at 402 nm due to AcrO under photoirradiation using a xenon lamp with a transmitting glass filter (λ < 480 nm) at 298 K. The initial reaction rate of the photocatalytic oxidation of AcrH 2 by O 2 in Figure 2a was determined to avoid the effects of changes in the light intensity absorbed by 1 and also in the concentration of AcrH 2 .
The initial reaction rate increased with increasing concentration of AcrH 2 , as shown in Figure 2b . The initial reaction rates are proportional to the concentration of O 2 ( Figure 3) . Thus, the rate law is given by eq 4, where k ox is the second-
order rate constant and [S] is the substrate concentration. The k ox value was determined from the slope in Figure 2b to be 1.5 × 10 −5 M −1 s −1 for 1 and 8.5 × 10 Figures S3 in the SI) .
The reaction solution of 1 (1.0 × 10 −5 M) with O 2 and AcrH 2 (0−1.5 × 10 −1 M) in O 2 -saturated PhCN (2.0 mL) was irradiated to determine the quantum yield by changing the light source from a xenon lamp with a transmitting glass filter (λ > 480 nm) to nanosecond pulse where typical pulse energies at the sample were in the range of 10 mJ per pulse laser at 476 nm. The absorption band for AcrO appeared, and the concentration of AcrO increased linearly with excitation numbers. The zeroth-order rate constant of the photocatalytic oxidation of AcrH 2 by O 2 was also observed from the initial rate in Figure 4a . The quantum yield was determined to be 0.14% when 1 (1.0 × 10 −5 M) with O 2 and AcrH 2 (1.5 × 10 −1 M) in O 2 -saturated PhCN (2.0 mL) was irradiated 1.0 × 10 5 times. When AcrH 2 (0.20 M) was replaced by the dideuterated compound, AcrD 2 , the reaction rate of formation of AcrO became significantly slower with 22 or 6 as the deuterium kinetic isotope effect (KIE) values for 1 or 2, as shown in Figure 5 . The KIE value shows that the hydrogen-atom transfer (HAT) from AcrH 2 is directly involved in the rate-determining step for the photocatalytic reaction of (P)Mn III with O 2 and AcrH 2 . Figure 6a shows the transient absorption spectral change of 1 in N 2 -saturated PhCN. Femtosecond laser excitation at 393 nm resulted in an instantaneous appearance of an absorption maximum at λ max = 638 nm, which is assigned to the tripquintet excited state ( 5 T 1 ). It has been reported that the Mn III metal ion has a d 4 groundstate electronic configuration (S = 2). 29, 38 Therefore, the (π,π*) states of (P)Mn III are not the normal singlets or triplets because of coupling of the unpaired metal electrons with the ring π electrons of the corrolazine ring. The ground state is a quintet ( 5 S 0 ), and a quintet excited state ( 5 S 1 ) is derived from the lowest excited ring (π,π*) singlet. 29, 38 The excited states of first-row paramagnetic complexes, such as Mn III complexes, undergo an extremely rapid intersystem crossing (ISC) process from the quintet ( Porphyrins and metalloporphyrins are well-known to be effective triplet-state photosensitizers and to be capable of producing singlet oxygen ( 1 O 2 *) due to direct energy transfer from the porphyrin excited triplet state to molecular oxygen. To examine a role for singlet oxygen in this photochemistry, the possibility of generation of 1 O 2 * has been examined by comparison of 1 O 2 * phosphorescence spectra in the presence of (P)Mn III or C 60 . The photoexcitation of (P)Mn III with light of λ = 532 nm in O 2 -saturated deuterated benzene (C 6 D 6 ) results in a negligible phosphorescence signal at 1270 nm, 44 which is the phosphorescence spectrum of 1 O 2 *, whereas that obtained by photoirradiation of C 60 under the same conditions shows significantly intense spectra, as shown in Figure S5 in the SI. Thus, it was assessed that the contribution of 1 Kinetic data ( Figures S1, S2 , and S3), femtosecond laser flash photolysis measurements ( Figure S4 ), and phosphorescence spectra ( Figure S5 ). This material is available free of charge via the Internet at http://pubs.acs.org.
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